We investigate the effect of C 60 fullerene nanospheres on the evaporation kinetics of a number of aromatic solvents with different levels of molecular association, namely, benzene, toluene, and chlorobenzene. The dependence of the evaporation rate on the fullerene concentration is not monotonic but rather exhibits maxima and minima. The results strongly support the notion of molecular structuring within the liquid solvent controlled by the nature of fullerene/solvent interaction and the level of molecular association within the solvent itself.
INTRODUCTION
A number of scientific, technological, industrial, and environmental issues such as industrial drying processes, crude oil recovery and distillation processes [1] , occupational health and environmental assessment of hazardous spills [2] [3] [4] [5] [6] , and the formation of self-assembled structures [7] [8] [9] and Langmuir Blodgett monolayer films [10] [11] [12] [13] [14] critically depend on the evaporation kinetics of solvents and solvent mixtures. While the original thermodynamic work of Raoult and Henry on solutions as well as the molecular theory of liquids has established a strong foundation for understanding the thermodynamic behavior of liquid mixtures, and other studies [2, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] on liquid mixtures have provided deep understanding of the effect of molecular interaction on the thermodynamic behavior of these systems, the expanded interest in fullerene nano-particles necessitates more elaborate investigations addressing the effect of the fullerene on the solvent thermodynamic behavior. Such effect has been addressed before [30] [31] [32] [33] [34] [35] [36] but is still not fully understood. In the present paper, we investigate the effect of C 60 molecules on the evaporation kinetics of a number of aromatic solvents with different levels of molecular association in order to address the effect of C 60 concentration and the effect of inter-molecular association within the aromatic solvent of the evaporation kinetics of the solution.
EXPERIMENTAL DETAILS
In this study, we investigate three different aromatic solvents, namely, benzene, toluene, and chlorobenzene, as models of aromatic solvents representing weak, moderate, and strong intermolecular interactions or solvent association. 
Evaporation Kinetic Experiments
A gravimetric method was used to determine the weight loss as a function of time for different C 60 /solvent solutions. The solutions were prepared using chromatography grade solvents and Sigma Aldrich C 60 (99.5%) with different concentrations covering the concentration range from pure solvent up to saturation limit (for benzene, 1.6 g/l equivalent to C 60 mole fraction of 1.98 ×
10
-4 , for toluene, 2.8 g/l, equivalent to C 60 mole fraction of 4.12 × 10 -4 , and for chlorobenzene, 7
g/l equivalent to C 60 mole fraction of 9.85 × 10 -4 ). Each sample was prepared and then sonicated 
Raman Spectroscopy Measurements
Raman spectroscopy measurements were conducted using a Reneshaw®, inVia TM Raman
Microscope, equipped with an Ar + laser at 514.5 nm wavelength as excitation light source in the back-scatter arrangement with a laser power of 2 mW at the sample surface to avoid sample
overheating. Solution samples were tested while in a specialized liquid cell (Starna Cells-CA-USA 28B-G-5). A glass spectrophotometer cell designed to maximize internal scattering and enhance the Raman signal of the liquid samples under investigation.
Molecular Mechanics Simulations
Classical molecular mechanics simulations were performed using Dassault Biovia Materials Studio, Forcite® Module. Hexagonal ensembles, with periodic boundaries, containing a C 60 molecule and 6,12,24,36, and 48 molecules of the different solvents, randomly distributed around the fullerene molecule, were simulated. The ensembles were first optimized using a universal force field with energy, forces, and displacement tolerances of 1×10 -4 kcal/mole, 0.005 kcal/mole/Å, and 5×10 -5 Å, respectively. In Forcite® Module, the optimization process includes the optimization of the cell parameters and the position of the contents within the cell to achieve system minimum energy. While initial cell dimensions were selected to accommodate the increasing number of constituents, the equilibrated (final) cell dimensions were determined by the calculations as equilibrium achieved. The ensemble equivalent isotropic bulk modulus was calculated and compared for the three solvents investigated in this study. Molecular simulation is mainly based on inter and intra-molecular force interactions, it is not capable of including the entropic effects of the system. Hence, while we understand that the simulation can only shed light on the enthalpic aspects and effects in the system, it is still important, since it will enable the separation between the enthalpic and entropic roles in the experimentally observed behavior of the system.
RESULTS

Evaporation Kinetics
The solvent weight loss (∆W) is calculated as a percentage of the initial solvent content of each sample (W 0 ). Figure 1 shows typical ∆W/W 0 %ages plotted as a function of time. The experimental data are found to accurately fit to a second-degree parabola of the form
where t is the time in seconds, and a and b are constants. The initial evaporation rate (IEV)
corresponding to dY/dt at t = 0 is the parameter a in eqn. (1) . The consistency in the measured
IEVs for each of the tested solutions is in the range of 0.0001. The IEVs plotted as a function of initial fullerene mole fraction for chlorobenzene, toluene, and benzene are shown in Figure. The IEV of the fully saturated solution is still 20% higher than that of the pure chlorobenzene solvent.
For toluene, Fig. 2b , the measured IEV is found to increase with increasing C 60 concentration in the solution as well. A maximum in the IEV is observed around 35% of the saturation concentration (equivalent to a C 60 mole fraction of 1.48 x 10 -4 ). A sharp drop in the IEV is observed followed by another nonlinear increase as the C 60 concentration is increased. At its maximum, the IEV of the C 60 /toluene solution is measured to be only 10% higher than that of the pure toluene. Also, the IEV of the fully saturated solution is about 10% higher than that of the pure toluene.
For benzene, Fig. 2c , the dependence of the IEV of the solution on the C 60 concentration is more interesting than for the previous two cases. In fact, it shows a number of maxima and minima as the C 60 concentration is increased. It is interesting to note that the highest evaporation rate recorded is 2.3 times that of pure benzene. While the first evaporation rate maximum is observed at 0.2×10 -4 mole fraction, three other maxima are observed as the C 60 mole fraction is increased, roughly around 0.6×10 -4 , 1.0×10 -4 , and 1.6×10 -4 mole fractions. The evaporation rate at these maxima decreases linearly as the fullerene concentration is increased. The IEV of the fully saturated solution is measured to be 20% higher than that of the pure benzene solvent. 
Molecular Mechanics Simulations
Raman Spectroscopy
In the analysis of the Raman spectroscopy data we focus on three important aspects of a Raman 
DISCUSSIONS:
Our current investigation shows that evaporation rates as a function of fullerene mole fraction, in with water which showed a linear decrease in the water evaporation rate as the fullerene concentration is increase up to saturation level [36] . For aromatic solvents of this type, in general, it has been shown that as the C 60 fullerene molecules are dissolved in aromatic solvents, a highly bonded layer of the aromatic solvent is formed around the fullerene molecule. Such a solvent shell is reported to be so strongly bound to the limit that it survives thermal evaporation up to the point where C 60 starts to sublime [42] . The formation of such tightly bonded View Article Online the evaporation kinetics, spectroscopic shifts, and bulk modulus trends do, indeed, leave no room for doubt regarding our current interpretation.
To this end, it is expected that, as the fullerene mole fraction is increased in the fullerene/aromatic solvent system, the volume fraction of the solvophilic open structure regions also increases and, hence, the measured evaporation rate increases. Such a notion is also in agreement with the measured increase in solution compressibility, using Brillouin spectroscopy [44] , since an open structure with higher compressibility would, unsurprisingly, have lower cohesive energy density and, hence, would exhibit a higher evaporation rate.
A maximum in the evaporation rate can be understood along the notion that at certain C 60 mole fraction within the system the open structured solvent around the fullerene molecules is maximized, and so is the evaporation rate. It is important to note that the extent of the open structured solvent around a fullerene structure will depend on the fullerene/solvent interaction.
More importantly, the stability of the open structured solvent will depend on the solvent/solvent interaction. Associative solvents are expected to be able to sustain such structuring more than non-associative solvents. Physical Chemistry Chemical Physics drop in the evaporation rate in the case of toluene (Fig. 3) can be understood as a phase transition in the solvent that takes place around a fullerene mole fraction of 1.6×10 -4 and leads to a more ordered and tightly bound structure (at least as ordered as the original, undisturbed pure toluene) with low evaporation rate. To this end, the measured loop-like behavior can be explained as follows: The formation of a toluene shell that is tightly bound to a fullerene molecule causes the creation of a solvophilic shell that has a higher rate of evaporation than pure toluene. As the fullerene mole fraction is increased more such solvophilic shells are created and, hence, the measured evaporation rate increases. As the fullerene mole fraction reaches 1.48×10 -4 , apparently, the solvophilic shells have connected to each other, rendering a medium with maximum evaporation rate (the maximum in Fig. 3 ). Further increase in the fullerene mole fraction beyond the maximum would lead to the creation of more clathrates and would force the formation of tightly bound toluene molecules at the expense of the solvophilic network already maximized in the system. This should lead to a gradual reduction in the evaporation rate as observed in the C 60 /chlorobenzene system (Fig. 2) . The fact that the observed reduction in the evaporation rate in the toluene case, however, is rather a drop than a gradual decrease, most plausibly indicates a collapse in the open structured toluene formed around the fullerene molecules. Further increase in the fullerene mole fraction (beyond 2.1×10 -4 ) apparently disturbs such tight structure, causing the observed relative increase in the evaporation rate (Fig. 3) . Such explanation is along the same notion as the interpretation of super-molecular structures observed, using small angle X-ray spectroscopy SAXS, in both toluene and p-xylene interacting with C 60 [30] . The interpretation is also in agreement with recent thermodynamic investigations of enthalpic interactions between C 60 and aromatic solvents which concluded that the interactions are mainly entropically controlled [34, 45] . In the case of chlorobenzene, the maximum evaporation rate is observed at a C 60 mole fraction of 7×10 -4 (see Fig. 2 View Article Online properties is that as a solute is added to a solvent the solvent molecules are diluted and, hence, its molar entropy increases solely based on the mole fraction of the solute and independently of the nature of the interaction between solute and solvent. Assuming a Raoultian behavior for the solvent, the value of its molar entropy in solution can be determined as
where ܵ and ܵ are the molar entropies of liquid solvent in the solution and pure state, respectively, R is the gas constant, and ‫ݔ‬ ௦ is the mole fraction of solvent in the solution. Such increase in the molar entropy of the solvent in the solution is a direct result of the increased randomness of its molecules in the system and has been associated, for several decades, with the phenomena of melting point depression, boiling point elevation, and vapor pressure depression in solutions where the solute has molecular size comparable to that of the solvent molecules, such as rock salt in water [50] . However, it is scientifically valid to argue that when the presence of a solute molecule results in a structuring phenomenon in the solvent (it is important to emphasize again that, as we refer to structuring in liquid solvents, we mean a state of depressed thermal fluctuations) then the essence of the colligative properties theory is violated and the molar entropy of the liquid solvent should not increase steadily with the solute mole fraction, according to eqn. (2), but rather should depend on the exact nature of the formed structure in the solvent. that it decreases linearly with increasing solute concentration (solvent structuring in a more close packed form) [36] . Similar experimental results have been reported for C 60 in benzene and pxylene solutions, where three and two orders of magnitude difference have been observed in the evaporation point, respectively [39] . Hence, our current results along with previous results published in the literature raise the important question about the validity of the colligative properties theory in systems containing nanosized solutes that are well into the nanoscale regime.
CONCLUSIONS
We have investigated the effect of fullerene nanospheres on the kinetics of evaporation for three aromatic solvents with different levels of molecular association. In addition to the observed dependence of the evaporation rate on the fullerene concentration in the solution, the results indicate that such dependence is controlled by the level of association within the aromatic 
